**Core tip:** The frequent coexistence of primary sclerosing cholangitis (PSC) and inflammatory bowel disease (IBD) points to the gut-liver axis as central to pathogenesis. The gut microbiome is hypothesized to be involved. A growing body of literature supports that PSC and PSC-IBD are associated with a distinct gut microbiome and more recent animal studies suggest a potential causal relationship. Microbial metabolites, such as bile acids, may mediate the effects of the gut microbiota in PSC. A sound understanding of the PSC microbiome has the potential to inform the development of microbe-altering therapeutic interventions.

INTRODUCTION
============

Primary sclerosing cholangitis (PSC), a cholestatic liver disease that causes inflammation and fibrosis of the biliary tree, represents a pressing unmet need in the field of Hepatology\[[@B1]\]. Although a rare disease in the general population (prevalence 0-16 per 100000 adults\[[@B1]\], and 1.5 per 100000 children)\[[@B2]\], a striking association exists between PSC and inflammatory bowel disease (IBD); approximately 75% of adults and children with PSC have IBD\[[@B3],[@B4]\], and conversely, up to 8% of IBD patients are found to have large duct PSC when screening magnetic resonance cholan-giopancreatography is applied\[[@B5]\]. The natural history of PSC is progression to end-stage biliary cirrhosis requiring liver transplantation (LT); in adults, the median LT-free survival after diagnosis is 14.5 years\[[@B6]\], and 30% of children require a LT by 10 years after diagnosis\[[@B4]\]. Furthermore, PSC is associated with a markedly increased risk of colorectal malignancy (20%-30% lifetime risk, four times higher than colitis without PSC) and hepatobiliary malignancy, particularly cholangiocarcinoma, which has a 20% lifetime risk and poor prognosis\[[@B7]\]. To date, no medical therapy has been shown to alter the natural history of PSC. The significance of PSC is underscored by the fact that it has been identified as the only predictor of premature mortality in IBD populations\[[@B8]\]. Even in the pediatric age range, it is a significant risk factor for cancer-related mortality\[[@B9]\].

PSC-IBD: A UNIQUE IBD PHENOTYPE
===============================

There are now abundant data to support that IBD occurring in association with PSC ("PSC-IBD") is distinct from conventional IBD not associated with PSC. A robust body of adult literature supports a distinct PSC-IBD clinical phenotype, characterized by a higher frequency of pancolitis (typically worse in the right colon, contrary to chronic ulcerative colitis (UC), which is most severe distally in the left colon), rectal sparing and backwash ileitis\[[@B3],[@B10],[@B11]\]. In addition, subclinical inflammation (mucosal disease in the presence of no or minimal symptoms) has been described and is hypothesized to contribute to the heightened neoplastic potential\[[@B12]\]. In a large retrospective review, we recently demonstrated that a similar phenotype is also observed in children\[[@B13]\]. In addition to the unique clinical phenotype of PSC-IBD, there is relatively little genetic overlap between PSC-IBD and conventional IBD, further supporting that PSC-IBD is a distinct entity\[[@B14]\]. This growing body of literature is important for several reasons; it highlights the need to conceptualize (and investigate) PSC-IBD as separate from IBD and the characteristic gut phenotype may provide insight into underlying pa-thogenesis.

GUT-LIVER AXIS IN PSC
=====================

Although the pathogenesis of PSC remains obscure, the striking association between PSC and IBD points to the gut-liver axis as integrally involved. While strong HLA associations and greater than 23 non-HLA susceptibility loci have been identified, known genetic risk factors currently account for less than 10% of PSC liability, highlighting the likely critical role of environmental factors\[[@B15]\], chief among them the gut microbiota. The microbiota can be considered an environmental factor on its own, but is also influenced by other environmental factors, such as diet, medications, hygiene and even mood\[[@B16]\]. A theory of PSC pathogenesis invoking the gut microbiota has long been postulated. The basic hypothesis is that gut microbes (or their products) translocate across a leaky gut barrier (due to inflammation) and access the liver *via* the portal circulation, where they trigger inflammatory and ultimately fibrotic processes. In the 1990s, Lichtman et al\[[@B17],[@B18]\] provided the first compelling support for this hypothesis, showing that small bowel bacterial overgrowth, achieved using a blind jejunal loop, induced cholangiographic changes resembling PSC in rats. Moreover, these changes were reversible with antibiotics and peptidoglycan-degrading enzymes, but not prednisone or ursodiol. Since then, numerous additional findings have reinforced the role of the gut microbiota and its interactions with innate immune responses in PSC, including the identification of FUT2 (involved in handling translocated bacteria) as a PSC risk locus\[[@B14]\], and the observation that lipo-polysaccharide levels correlate with LT-free survival in PSC\[[@B19]\].

GUT MICROBIOTA IN PSC AND PSC-IBD
=================================

In the past five years, there has been a flurry of publications aimed at characterizing the gut microbiota in PSC/PSC-IBD compared to healthy controls (HCs) and IBD populations. There have been seven publications (four full-length papers\[[@B20]-[@B23]\], three letters\[[@B24]-[@B26]\]) on the fecal microbiota, and five (four full-length papers\[[@B27]-[@B30]\], one letter\[[@B31]\]) on the mucosal microbiota in PSC. To date, only one study, a letter investigating the fecal microbiota, examined a pediatric population (in Japan)\[[@B26]\]. All used 16S rRNA methods to establish microbial composition. These studies are summarized in Table [1](#T1){ref-type="table"}. The findings are further summarized in Figure [1](#F1){ref-type="fig"}, which illustrates microbial taxa that are enriched and depleted in PSC compared to HCs and IBD patients.

###### 

Studies of the fecal or mucosal microbiota in primary sclerosing cholangitis

  **Ref**.                                                                                                                                                                                                                         **Population**                                                                                                                                                                                            **Sample source**                                                                            **Methods**                                 **Taxa depleted in PSC**                                                                                                                                                                                                                                                 **Taxa enriched in PSC**                                                                                                                                                                                                 **Diversity in PSC**
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------- ------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Adult                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  Mucosal                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  Quraishi et al\[[@B30]\], 2020                                                                                                                                                                                                   10 PSC-IBD 10 UC; 10 HC                                                                                                                                                                                   Mucosal biopsies, sigmoid                                                                    16S rRNA; V4 amplified Illumina MiSeq       *vs* HC: Lachnospiraceae                                                                                                                                                                                                                                                 *vs* HC: Bacilli, *Pseudomonas*, *Streptococcus*, *Haemophilus parainfluenzae*                                                                                                                                           Alpha: No difference; Beta: All 3 groups significantly different from each other
  *vs* UC: 26 taxa, including Lentisphaerae, Gammaproteobac-teria, Enterobacteriaceae, Prevotellaceae, Paraprevotellaceae, Coriobacteriaceae, Erysipelotrichaceae, Desulfovibrionaceae, Myxococcales, *Streptococcus*, *Blautia*   *vs* UC: 24 taxa, including Bacilli, *Staphylococcus*, *Parvimonas sp*., *Bacteroides fragilis*, *Roseburia spp*., *Shewanella spp*, *Clostridium ramosum*, *Sphingomonas sp.*, *Actinomyces*, *Rothia*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  Quraishi et al\[[@B31]\], 2017 (Letter)                                                                                                                                                                                          11 PSC-IBD 10 IBD 9 HC                                                                                                                                                                                    Mucosal biopsies, ascending, transverse, descending colon (results not different by site)    16S rRNA; V3-V4 amplified; Illumina MiSeq   *vs* HC: *Prevotella*, *Roseburia*, *Bacteroides*                                                                                                                                                                                                                        *vs* HC: *Escherichia*, *Lachnospiraceae*, *Megasphera*                                                                                                                                                                  Beta: Different from HC and IBD
  Torres et al\[[@B27]\], 2016                                                                                                                                                                                                     13 PSC-UC; 6 PSC-CD; 1 PSC only; 13 UC; 2 CD; 9 HC                                                                                                                                                        Mucosal biopsies from terminal ileum, right and left colon (results not different by site)   16S rRNA; V3-V4 amplified; Illumina MiSeq   *vs* IBD                                                                                                                                                                                                                                                                 *vs* IBD: *Barnesiellaceae*, *Blautia*, *Ruminococcus obeum*                                                                                                                                                             Alpha: Similar to HC and IBD; Beta: Similar to HC and IBD
  Kevans et al\[[@B28]\], 2016                                                                                                                                                                                                     31 PSC-UC; 56 UC; 0 HC                                                                                                                                                                                    Mucosal biopsies, left colon                                                                 16S rRNA; V4 amplified; Illumina MiSeq      Nil after multiple testing adjustment                                                                                                                                                                                                                                    Nil after multiple testing adjustment                                                                                                                                                                                    Alpha: ↓ *vs* UC (in 1 cohort only); Beta: No difference
  Rossen et al\[[@B29]\], 2015                                                                                                                                                                                                     8 PSC-UC; 4 PSC-CD; 11 UC; 9 HC                                                                                                                                                                           Mucosal biopsies from ileocecum                                                              16S rRNA using HITChip                      *vs* HC: Uncultured Clostridiales II                                                                                                                                                                                                                                     *vs* HC                                                                                                                                                                                                                  Alpha: ↓ *vs* HC; Beta: Similar to HC and IBD
  *vs* UC: Uncultured Clostridiales II                                                                                                                                                                                             *vs* UC                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  Fecal                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  Lemoinne et al\[[@B38]\], 2019                                                                                                                                                                                                   16 PSC-UC/IBD-U; 11 PSC-CD; 22 PSC only; 33 IBD; 30 HC                                                                                                                                                    Stool                                                                                        16S rRNA; V3-V4 amplified; Illumina MiSeq   *vs* HC: *Ruminococcus*, *Faecalibacterium*, *Lachnoclostridium*, *Blautia*                                                                                                                                                                                              *vs* HC: *Veillonella*, Sphingomonada-ceae, Alphaproteobac-teria, Rhizobiales                                                                                                                                            Alpha: ↓ *vs* HC and IBD; Beta: PSC-IBD different from HC and IBD, PSC-IBD similar to PSC only
  Rühlemann et al\[[@B20]\], 2019                                                                                                                                                                                                  75 PSC-IBD; 62 PSC only; 118 UC; 133 HC                                                                                                                                                                   Stool                                                                                        16S rRNA; V1-V2 amplified MiSeq             *vs* HC: *Coprococcus* *Holdemanella*, *Desulfovibrio*, *Faecalibacterium*, *Clostridium IV*                                                                                                                                                                             *vs* HC: *Veillonella*, *Streptococcus*, *Lactobacillus*, *Enterococcus;* Proteobacteria (Gammaproteobacteria), Lactobacillales (Bacilli), *Parabacteroides*, *Bacteroides spp*.                                         Norwegian cohort; Alpha: ↓ *vs* HC, similar to UC; Beta: Different from HC and IBD; German cohort; Alpha: Similar to HC, ↑ *vs* UC; Beta: Different from HC and IBD, PSC-IBD similar to PSC only
  *vs* UC                                                                                                                                                                                                                          *vs* UC: Firmicutes                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  PSC-IBD *vs* PSC only: *Bilophila* and *Bacteroides* OTU ↓                                                                                                                                                                       PSC-IBD *vs* PSC only: Nil                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Rühlemann et al\[[@B25]\], 2017 (Letter)                                                                                                                                                                                         38 PSC-UC; 35 PSC only; 88 UC; 98 HC                                                                                                                                                                      Stool                                                                                        16S rRNA; V1-V2                                                                                                                                                                                                                                                                                                      *vs* HC: *Veillonella* (no difference compared to UC)                                                                                                                                                                    Beta: Different from HC and IBD, PSC-IBD similar to PSC only
  Kummen et al\[[@B21]\], 2017                                                                                                                                                                                                     44 PSC-UC; 11 PSC-CD; 30 PSC only; 36 UC; 263 HC                                                                                                                                                          Stool                                                                                        16S rRNA; V3-V4 amplified; Illumina MiSeq   *vs* HC: ML615J-28 unknown genus, *Succinivibrio*, *Desulfovibrio*, RF32 unknown genus, *Phascolarctobacteri-um*, *Coprococcus*, Lachnospiraceae unknown genus, Christensenellaceae unknown genus, Clostridiales unknown genus, YS2 unknown genus, S24.7 unknown genus   *vs* HC: *Veillonella* (*V. dispar*, *V. parvula)*                                                                                                                                                                       Alpha: ↓ *vs* HC, similar to IBD; Beta: Different from HC and IBD, PSC-IBD similar to PSC only
  *vs* UC: *Dorea*, *Oscillospira*, *Citrobacter*                                                                                                                                                                                  *vs* UC: *Veillonella* (*V. dispar*, *V. parvula); Akkermansia*, *Clostridium*, *Ruminococcaceae*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  PSC-IBD *vs* PSC only: Nil                                                                                                                                                                                                       PSC-IBD *vs* PSC only: Nil                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Bajer et al\[[@B22]\], 2017                                                                                                                                                                                                      32 PSC-IBD; 11 PSC only; 32 UC 31 HC                                                                                                                                                                      Stool                                                                                        16S rRNA; V4 amplified Illumina MiSeq       *vs* HC: *Coprococcus* (*C. catus)*, unidentified Lachnospiraceae genera, *Faecalibacterium prausnitzii*, *Ruminococcus gnavus, Prevotella copri* (PSC only and PSC-IBD) Phascolarctobacterium (PSC-IBD); *Adlercreutzia equolifaciens* (PSC only)                       *vs* HC: *Rothia*, *Enterococcus*, *Streptococcus*, *Clostridium*, *Veillonella*, *Haemophilus* (PSC only and PSC-IBD); *Staphylococcus*, *Coprobacillus*, *Escherichia*, *Corynebacterium*, *Lactobacillus* (PSC-IBD)   Alpha: Similar to HC and UC; Beta: Different from HC, PSC-IBD different from IBD, PSC-IBD similar to PSC only
  *vs* UC: Fusobacteriaceae                                                                                                                                                                                                        *vs* UC: *Rothia*, *Streptococcus*, *Veillonella*, *Blautia; Akkermansia muciniphila*, *Clostridium colinum*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Sabino et al\[[@B23]\], 2016                                                                                                                                                                                                     18 PSC only; 27 PSC-UC; 21 PSC-CD; 13 UC; 30 CD; 66 HC                                                                                                                                                    Stool                                                                                        16S rRNA; V4 amplified; Illumina MiSeq      *vs* HC: Firmicutes *Anaerostipes*                                                                                                                                                                                                                                       *vs* HC: Bacteroidetes, Fusobacteria, *Streptococcus*, *Enterococcus*, *Lactobacillus*, *Fusobacterium*, *Veillonella*[1](#T1FN1){ref-type="table-fn"}                                                                   Alpha: ↓ *vs* HC; Beta: Different from HC, PSC-UC different from UC, PSC-IBD similar to PSC only
  PSC-IBD *vs* PSC only: Nil                                                                                                                                                                                                       PSC-IBD *vs* PSC only: Nil                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  In a re-analysis by Vieira-Silva et al\[[@B24]\] in 2019, *Fusobacterium* was associated with intestinal inflammation and *Enterococcus* with cholangitis/biliary obstruction.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  Pediatric                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  Iwasawa et al\[[@B26]\], 2017 (Letter)                                                                                                                                                                                           27 PSC; 16 UC; 23 HC                                                                                                                                                                                      Stool                                                                                        16S rRNA; 1-V2 amplified                    *vs* HC: *Parabacteroides* (*P distasonis*), *Anaerostipes hadrus*, *Blautia obeum*                                                                                                                                                                                      *vs* HC: *Enterococcus faecium*, *Enterococcus sp. NBRC 107345*, *Streptococcus parasanguinis*, *Veillonella sp. 3_1\_44*                                                                                                Alpha: ↓ *vs* HC, ↑ *vs* IBD; Beta: Different from HC and IBD
  *vs* UC                                                                                                                                                                                                                          *vs* UC: *Faecalibacterium*, *Ruminococcus*, *Roseburia*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

Significant only when patients with cirrhosis included. CD: Crohn's disease; HC: Healthy control; IBD: Inflammatory bowel disease; IBD-U: Inflammatory bowel disease-unclassified; PSC: Primary sclerosing cholangitis; UC: Ulcerative colitis.

![Enriched and depleted taxa in primary sclerosing cholangitis compared to healthy controls and inflammatory bowel disease. A: Primary sclerosing cholangitis (PSC) *vs* healthy controls; B: PSC *vs* inflammatory bowel disease. Taxa farther from the midline are supported by a larger number of studies. PSC: Primary sclerosing cholangitis; HC: Healthy controls; IBD: Inflammatory bowel disease.](WJG-26-2768-g001){#F1}

In interpreting studies of the microbiota, it is important to appreciate that microbial populations differ substantially between the gut lumen and mucosal surfaces. For example, in a large study of new-onset pediatric Crohn's disease (CD), mucosal-associated dysbiosis was only weakly reflected in stool, and mucosal samples were superior to fecal samples for distinguishing CD from healthy controls\[[@B32]\]. It is also important to note that studies of the mucosal microbiota (compared to the fecal microbiota) may be susceptible to greater variation stemming from differences in sampling methods (biopsies, brushings, luminal washes, *etc*.) and other procedural factors.

Indeed, studies of the fecal microbiome in PSC are more consistent (than those of the mucosal microbiome) and they reveal a few themes. The first is that the gut bacterial alpha diversity is lower in PSC than HCs (in contrast, studies comparing alpha diversity between PSC and IBD cohorts have yielded variable findings). The second is that, although studies are not entirely consistent in terms of the specific microbes altered in PSC, they are consistent in demonstrating that the overall bacterial community is different in PSC/PSC-IBD *vs* HCs and IBD. The third is that, despite this heterogeneity, a few bacterial taxa are fairly consistently altered in the stool of PSC patients compared to HCs. *Veillonella*, in particular, was higher in the stool of PSC patients than HCs in all the studies in Table [1](#T1){ref-type="table"}. *Enterococcus*, *Streptococcus* and *Lactobacillus* are also frequently enriched, as are members of the Proteobacteria phylum, such as *E. coli*. Several studies also support a relative depletion of short chain fatty acid (SCFA)-producing Firmicutes, such as *Faecalibacterium* and *Coprococcus*, in PSC.

In one study, *Veillonella* was 4.8-fold higher in individuals with PSC compared to HCs and displayed a positive correlation with the Mayo Risk Score (a PSC prognostic index). Moreover, *Veillonella* discriminated PSC from HCs with an area under the receiver operator characteristic curve (AUC) of 0.64\[[@B21]\]. This improved to 0.78 when other PSC-associated genera were added. Interestingly, *Veillonella* has been associated with pulmonary fibrotic conditions and CD recurrence post resection\[[@B33],[@B34]\]. It is tempting to speculate that *Veillonella* directly contributes to fibrogenesis in PSC, but such evidence is lacking. *Veillonella* is not specific to PSC either; it is observed in a broad range of liver diseases, such as primary biliary cirrhosis, hepatitis B cirrhosis and hepatic encephalopathy, and may therefore reflect the common end-stage of multiple hepatic pathologies\[[@B35]-[@B37]\]. In another study by Sabino and colleagues, *Enterococcus*, *Lactobacillus* and *Fusobacteria* were overrepresented in PSC patients and a model including these three microbes correctly classified PSC 95% and 71% of the time in training and validation cohorts\[[@B23]\]. An *Enterococcus* operational taxonomic unit (OTU) correlated with alkaline phosphatase (ALP), a marker of PSC severity. More recently, this dataset was reanalyzed while accounting for stool moisture variation; *Fusobacterium* was found to be associated with intestinal inflammation severity, while *Enterococcus* was associated with biliary pathology\[[@B24]\]. High-*Veillonella* stool was observed across all disease groups in this study, whereas high-*Fusobacteria* stool was specific to CD or PSC-CD. In a recent study by Rühlemann et al\[[@B20]\], which investigated two geographically distinct cohorts (Germany and Norway), the fecal microbial composition identified PSC with AUC 0.88. These data, coupled with those presented above, highlight the possible utility of microbial signatures as prognostic and/or diagnostic markers in PSC. Rather than simply characterize the gut microbiota, Lemoinne and colleagues examined alterations in the network of correlations between bacteria in PSC patients; they found that compared to HCs and IBD patients, individuals with PSC had a decreased density of bacterial network correlations\[[@B38]\].

The 2019 study by Rühlemann et al\[[@B20]\] is important because it showed that the microbial alterations in PSC are independent from associated colitis; there were no significant differences between patients with PSC with or without concomitant IBD in beta diversity and taxonomic differences were few, limited to decreased *Bilophila* and a *Bacteroides* OTU in PSC-IBD. Similarly, several other studies from Table [1](#T1){ref-type="table"} support that the microbial findings in PSC are independent of IBD\[[@B21]-[@B23]\]. All of this ties in to an additional important theme, which is that the presence of IBD appears to have little effect on the composition of the gut microbiota in PSC patients, suggesting that it is PSC that drives the primary changes in microbial composition. Therefore, in addition to a distinct clinical phenotype and genetic architecture, PSC-IBD is characterized by a distinct gut microbiome compared to IBD without associated PSC.

Studies of the mucosal microbiome in PSC have been fewer in number and less consistent. Two studies found little to no changes between PSC patients and HCs\[[@B28],[@B29]\], while others showed some features congruent with the fecal studies, including increased Bacilli, such as *Streptococcus*, and Proteobacteria (*E. coli*)\[[@B30],[@B31]\]. A very recently published pilot study by Quraishi et al\[[@B30]\] warrants further discussion as it is the first to apply an integrative biology approach to the joint analysis of the gut microbiome, intestinal gene expression and immune cell signatures in PSC-IBD compared to UC and HCs. In this study, the microbial alterations in PSC-IBD *vs* UC (and inferred metagenomics) and the differentially expressed genes between these two groups implicated dysregulation of bile acid (BA) metabolism in PSC-IBD. Moreover, multi-omics integration revealed networks involved in bile acid homeostasis and cancer regulation in PSC-IBD. Other upregulated pathways were related to glucuronidation. Interestingly, amine oxidase-expressing bacteria, such as *Sphingomonas sp.*, were also increased in PSC-IBD *vs* UC; this enzyme is associated with aberrant homing of gut lymphocytes to the liver, which is postulated to be involved in PSC pathogenesis.

While the focus has undoubtedly been on bacteria to date, investigators are beginning to examine the gut mycobiome in PSC as well. In the first such study, which examined fecal fungal profiles in 112 individuals, PSC patients were found to have fungal gut dysbiosis, characterized by altered composition and increased biodiversity (alpha diversity), compared to patients with IBD only and HCs\[[@B38]\]. In particular, an increase in the abundance of *Exophiala* genus and decrease of *Saccharomyces cerevisiae* were noted. In addition, the fungal microbiota of PSC patients displayed a disrupted correlation network with bacteria; a disrupted correlation network between bacteria and fungi has also been reported in patients with cirrhosis\[[@B39]\].

While the above studies represent an important first step along the path toward elucidating the role of the gut microbiome in PSC, they have important limitations. These include their cross-sectional nature and lack of functional data (through metagenomics, proteomics, metatranscriptomics and metabolomics investigations). Furthermore, there is a paucity of pediatric data. Children, particularly if sampled close to diagnosis, offer the important advantage of temporal proximity to disease origin and relatively fewer comorbidities, which may help to disentangle cause from consequence and minimize confounding variables.

EMERGING EVIDENCE SUPPORTING A CAUSAL ROLE FOR THE MICROBIOME
=============================================================

Until recently, PSC microbiota studies have been largely associational. In the past few years, however, a handful of elegant animal experiments have yielded more persuasive support for a causal link, while simultaneously shedding light on the mechanisms by which pathobionts might interface with host immune responses to cause hepatobiliary injury in PSC\[[@B40]\]. Three of these recent studies have been very informative\[[@B41]-[@B43]\]. All three support the concepts of dysbiosis, bacterial translocation across the gut barrier, and heightened immune responses (adaptive or innate) in PSC pathogenesis. While the term "dysbiosis" is difficult to specifically define, in these studies, it generally denotes differences in the composition of the gut microbiota, as it relates to diversity and relative abundance of specific taxa, compared to a control group\[[@B44]\]. Importantly, two of these studies showed transferability of the PSC phenotype with fecal microbiota transplant (FMT)\[[@B41],[@B42]\]. Specifically, Nakamoto et al\[[@B41]\] demonstrated that inoculation of germ-free (GF) mice with feces from patients with PSC-UC was associated with Th17 priming in the liver and increased susceptibility to hepatobiliary injury by diethyldithiocarbamate. Investigators isolated *Klebsiella pneumoniae*, *Proteus mirabilis* and *Enterococcus gallinarum* from the mesenteric lymph nodes of these animals. Specific *K. pneumoniae* strains were found to induce pore formation on human intestinal epithelial organoids, providing a putative mechanism for bacterial translocation, as further supported by the observation that transferring non-pore-inducing strains resulted in lower serum endotoxin levels and decreased Th17 responses. An imbalance between Th17 and T regulatory (Treg) responses has previously been implicated in PSC\[[@B45],[@B46]\]. Tedesco et al\[[@B43]\] and Liao et al\[[@B42]\] both investigated MDR2^-/-^ mice, an animal model of human PSC. Both groups confirmed dysbiosis and increased gut permeability in MDR2^-/-^ mice. Tedesco et al\[[@B43]\] documented increased interleukin (IL)-17A levels, further supporting the role of Th17 responses, but extended previous findings by showing that this was mediated, at least in part, by expansion of unconventional T cells (γδ T cells). *Lactobacillus gasseri*, which was pH- and bile-resistant (suggesting selection of specific bacteria under PSC-induced conditions) was isolated from MDR2^-/-^ livers and found to stimulate IL-17 production from MDR2^-/-^-derived γδ T cells. Interestingly, γδ T cells from PSC patients, but not patients with other liver diseases like hepatitis C, produced IL-17 when stimulated. The gut dysbiosis in MDR2^-/-^ mice reported by Liao et al\[[@B42]\] was characterized by significant alterations in *Lachnospiraceae*. In addition, *Enterococcus* was isolated from MDR2^-/-^ livers. MDR2^-/-^ mice displayed increased NLRP3 inflammasome activation in the liver and gut. Transferability of phenotype (NLRP3 activation, increased gut permeability, including suppressed zonulin-1 tight junction expression, elevated serum transaminases and an inflammatory infiltrate dominated by monocyte-derived macrophages) was achieved with FMT of MDR2^-/-^ fecal samples into GF mice. In all three studies, inhibition of the postulated immunologic mechanism using (1) a small molecule antagonist of retinoid-related receptor-γt (a selective inhibitor of Th17 differentiation; (2) anti-γδ T-cell receptor; and (3) a pan-caspase inhibitor led to improvement of the phenotype.

While this initial support for a potential causal relationship between gut microbes and PSC is exciting and represents critical progress, it is important to recall that one cannot directly extrapolate the findings from these animal experiments to human PSC populations. Moreover, although these studies have begun to shed light on important implicated processes, none thus far has delineated a complete and coherent causal pathway between the microbiota and the clinical manifestations of PSC.

POTENTIAL ROLE OF MICROBIAL PRODUCTS: EMPHASIS ON BILE ACIDS
============================================================

The gut microbiota may also contribute to PSC/PSC-IBD pathogenesis through synthesis of compounds or co-metabolism of molecules produced by the host. Bile acids (BAs) are one such example. The primary human BAs, cholic acid (CA) and chenodeoxycholic acid (CDCA), are synthesized from cholesterol in the liver and secreted into the gut. The majority (95%) are actively reabsorbed in their conjugated form in the terminal ileum *via* the apical sodium-dependent BA transporter (ASBT). This constitutes the BA enterohepatic circulation (EHC). Microbial deconjugation generates unconjugated BAs that escape active reuptake and reach the colon. Deconjugation of primary BAs is mediated by bile salt hydrolases, which are widely distributed among the gut microbiota, including members of the Firmicutes, Bacteroidetes and Actinobacteria phyla, such as *Clostridium*, *Bacteroides*, *Lactobacillus*, *Bifidobacterium* and *Enterococcus*\[[@B47]-[@B50]\]. About 5% of unabsorbed BAs enter the distal ileum and colon, where they undergo chemical diversification by the gut microbiota. The predominant secondary BAs are lithocholic acid (LCA) and deoxycholic acid (DCA), but over 50 different types of microbially derived secondary BAs can be detected in human feces\[[@B51]\]. Only a small fraction of gut microbes possess the functional ability to carry out the 7α-dehydroxylation step involved in generating secondary BAs, such as *Clostridium spp*\[[@B48],[@B52]-[@B57]\]. DCA and LCA generated in this way can then be further microbially altered to produce other secondary BAs.

BAs function as critical signaling molecules *via* their interactions with several receptors, including the nuclear receptor Farnesoid X receptor (FXR) and the membrane-bound G protein-coupled bile acid receptor-1, also known as TGR5. These receptors have multiple effects on the liver and gut. The secondary BAs DCA and LCA are the most potent TGR5 ligands. TGR5 agonism is involved in cho-langioprotective and anti-inflammatory effects; on cholangiocytes, TGR5 stimulates chloride secretion *via* CFTR to maintain the bicarbonate umbrella; on macrophages, TGR5 activation leads to decreased NF-κβ transcriptional activity, thereby decreasing inflammatory cytokine production\[[@B58]\]. Stimulation of the TGR5-cAMP-protein kinase A axis by secondary BAs also inhibits NLRP3 inflammasome activation\[[@B59]\], which as described above, may be a mechanism involved in PSC. Tabibian et al\[[@B60]\] demonstrated that the GF state in MDR2^-/-^ mice leads to more severe hepatobiliary injury, an observation that is hypothesized to be due to the absence of microbially derived secondary BAs. It is interesting to note that colesevelam administration has been shown to improve liver injury in MDR2^-/-^ mice and that this benefit occurred in conjunction with a shift in the BA pool toward secondary BAs and enhanced TGR5 signaling\[[@B61],[@B62]\]. TGR5 is relevant for the gut as well. TGR5 deficiency exacerbates injury-induced colitis in mice, while treatment of wild-type mice with oleanolic acid (which resembles LCA in shape and functions as a TGR5 agonist) attenuates colitis and monocyte infiltration\[[@B63]\]. FXR is another critical BA receptor. Activation in lamina propria monocytes and macrophages results in NF-κβ repression and downregulation of proinflammatory cytokines\[[@B64]\]. BA-dependent FXR activation also prevents gut barrier dysfunction and bacterial translocation in cholestatic rats\[[@B65]\]. Temporal fluctuations in DCA at the site of bowel injury, mediated by FXR and driven by regional shifts in the microbiota, have been shown to be integral for colonic repair processes\[[@B66]\]. In addition to the effects described above mediated by TGR5 and FXR, LCA derivatives have recently been demonstrated to control host immune responses by directly modulating Th17/Treg balance\[[@B67]\].

In summary, BAs, including secondary BAs, shaped by the gut microbiota, offer a potential link between the gut and liver in PSC-IBD. To date, there have been only two studies to report on fecal BA profiles in PSC-IBD (15 PSC-IBD/15 IBD patients in one\[[@B68]\], and 7 PSC-IBD/8 IBD/8 HCs in the other)\[[@B69]\]. Both were small and in several ways inconsistent, but some observations are noteworthy. In the first study, the total BA pool was significantly reduced in the PSC-IBD group and there was a trend toward more conjugated BAs in this group as well. The overall combination of fecal BAs allowed excellent separation of PSC-IBD from IBD, and the relative abundance of bacterial genera that correlated with BAs was 12% in PSC-IBD compared to only 0.4% in IBD. A negative correlation was seen between secondary BAs and endoscopic activity. In the second study, there were less secondary BAs in the PSC-IBD group with a lower DCA/CA ratio. Notably, there were two patients with colonic dysplasia, and they both had minimal fecal DCA. This line of investigation requires further exploration; pediatric data and mucosal BA characterization are lacking. Importantly, further understanding of the specific roles of BAs in PSC could lead to novel therapies, as discussed below.

SCFAs (acetate, butyrate and propionate), derived from microbial fermentation of host-indigestible complex carbohydrates, represent another category of bacterial metabolites. As demonstrated in Table [1](#T1){ref-type="table"} and Figure [1](#F1){ref-type="fig"}, SCFA-producing Firmicutes are depleted in PSC/PSC-IBD relative to HCs. The potential role of SCFAs in PSC has been little explored. SCFAs influence both adaptive and innate immune responses, including the differentiation of regulatory T cells and production of proinflammatory cytokines\[[@B70]\], which may bear relevance to PSC disease processes.

MICROBIOME AS A THERAPEUTIC TARGET OR MEDIATOR IN PSC
=====================================================

Additional support for the role of the microbiota in PSC/PSC-IBD comes from preliminary interventional studies targeting or manipulating the gut microbiome. While large definitive randomized controlled trials (RCTs) are awaited, a handful of small RCTs and case series have shown biochemical improvement with antibiotic treatment (primarily vancomycin and metronidazole) of PSC patients\[[@B71]\]. More recently, in a pilot study of FMT in 10 PSC-IBD patients, 30% displayed an ALP reduction of at least 50%, without any adverse events\[[@B72]\]. An increase in bacterial diversity and engraftment correlated with a reduction in ALP\[[@B50]\]. Future study considerations include assessment of the efficacy of maintenance therapy and FMT *via* other, more practical routes, such as oral capsule.

Given the potential role of BAs in PSC, pharmacotherapies targeting BA pathways represent an active area of research for the treatment of PSC. Ursodeoxycholic acid (UDCA) is widely used. Its administration has been associated with biochemical benefits but not improvements in long-term clinical outcomes such as liver transplant or death. In fact, at higher doses of 28-30 mg/kg per day, UDA has been linked with an increased risk of serious adverse events\[[@B73]\]. In a small study of 15 adults with PSC that combined UDCA with all-trans retinoic acid, ALP levels fell but the change was not statistically significant\[[@B74]\]. As a result of the emerging evidence of potential harm at higher doses (without convincing evidence of clinically meaningful benefit), the most recent PSC guideline, put forth by the British Society of Gastroenterology in 2019, recommends against the routine use of UDCA for adults newly diagnosed with PSC\[[@B75]\]. A derivative of UCDA, termed *nor*ursodeoxycholic acid (*nor*UDCA), has recently garnered attention. It showed biochemical benefit in a phase II RCT including 161 adult PSC patients. Twelve weeks of treatment with *nor*UDCA resulted in significant reductions of serum ALP in a dose-dependent manner, with a similar safety profile to placebo\[[@B76]\]. Pharmacologic FXR agonists represent another category of BA-related therapies that are being explored in PSC. Obeticholic acid (OCA), an endogenous FXR ligand, was investigated in a phase II double-blind, placebo controlled RCT of 76 adult PSC patients. At week 24, OCA was associated with a significant decrease in ALP, satisfying the study's primary outcome. There was, however, a higher rate of pruritus with OCA than placebo\[[@B77]\]. Cilofexor is a nonsteroidal FXR agonist. It too was recently tested in a phase II RCT and led to lower ALP levels at week 12. This improvement was seen regardless of UCDA treatment status and, importantly, cilofexor use was well tolerated\[[@B78]\]. Disruption of the EHC with inhibitors of ASBT (to prevent ileal BA reuptake) represents yet another potential therapeutic strategy for PSC. Studies of ASBT inhibitors are ongoing\[[@B73]\].

Further investigation is needed to definitively establish the utility of the above strategies and agents. Key limitations to existing data include their short-term (12 - 24 week) nature and the absence of good surrogate endpoints that have been shown to correlate with clinically meaningful outcomes. This latter limitation is a significant hindrance to the study of PSC in general.

CONCLUSION
==========

In summary, PSC represents an urgent unmet need in the fields of IBD and Hepatology alike. The frequent coexistence of PSC and IBD points to the important role of the gut-liver axis and there is mounting evidence to suggest that the gut microbiota is implicated. Numerous studies demonstrate that the gut microbiome in individuals with PSC and PSC-IBD is distinct from that in healthy controls and individuals with IBD without liver disease, and a handful of animal experiments provide more compelling evidence of a causal role. Microbial metabolites, such as BAs and SCFAs, may represent an important intermediary between gut microbes and PSC disease processes. Despite tremendous progress in this field of study over the past several years, much work remains to be done including functional characterization of the gut microbiota and more careful examination of pediatric populations. The relationship between the microbiota and malignancy in PSC-IBD has largely been overlooked as well. The distinct PSC-IBD phenotype may offer important insight into pathophysiologic mechanisms. A better understanding of the gut microbiota in PSC and PSC-IBD may inform the development of useful microbe-altering interventions, with already some preliminary evidence of benefit, though longer-term and larger studies are needed.
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